Abstract. Monodisperse emulsion with heterogeneity of the droplets size distribution can be used as micro-explosion of fuels. This paper aims to investigate the monodisperse emulsion preparation using an optimized parallel micro-channel contactor at different temperatures. Oil with TiO2 nanoparticles and water are chosen as continuous phase and dispersed phase. The contactor investigated with two distributors and one collector (sixteen parallel Y-type channels) which offers a uniform distribution of flow rate with a minimal pressure drop is appropriate for monodisperse emulsion preparation. Present results demonstrate for water-pure oil emulsion, the emulsion polydispersity and concentration are stable at low temperature. Once the temperature is more than 40°C, the emulsion polydispersity has a sharp rise with the increase of the temperature, while the droplet concentration decreases slowly. It is further found the concentration of emulsion droplet with pure oil is smaller in comparison with TiO2 of 10 nm.
Introduction
In the field of emulsification process, micro-fluidics enables to precisely handle the two immiscible liquids in low velocity and reproducible conditions. This usually produces a highly monodisperse emulsion. Monodispersity is a key parameter for numerous applications including chemical engineering, drug delivery, and micro-explosion of fuels [1] [2] [3] [4] . In the literature, a single micro-channel [5] [6] [7] [8] can generally produce fine emulsion monodispersity by accurate control of the flow rate. However, the low production of single micro-channel is a considerable barrier for its industrial applications and developments. The parallelized micro-channels were performed to solve poor productivity in the mass production of the monodisperse emulsions [9] [10] [11] [12] [13] [14] [15] . However, the mass production of the micro-devices is increased by simply number up microchannel arrays, which would enhance the complexity of the devices and the energy consumption. Therefore, a tree-like multi-scale distributor is carried out to guarantee the uniform flow distribution with low energy lost. Tondeur and Luo [16] have been proposed a new multi-scale tree-like fluid distributor/collector which consists of dichotomic internal channels. These channels optimized on basis of certain constraints, such as minimal viscous dissipation and void volume. Using the parallel contactor in integrated with tree-like distributor/collector, monodisperse emulsions were expected to produce with high throughput with lower power consumption [17] . The previous experiment only has studied and discussed the influence of two-phase flow physical properties and flow the polydispersity of emulsions produced in multi-scale channels. In this article, we have systematically investigated the influencing factors of the TiO2 nanoparticles and temperature on water-in-oil emulsion polydispersity and concentration which experimental efforts have been made to study in the literature.
Experiments of the Water-in-oil Emulsification
Water-in-oil with TiO2 nanoparticles characteristics in the parallel contactor has been studied under different temperature. Fig.1 was the experimental test-rig of the preparation of monodisperse emulsion. FRESENIUS Injectomat Agilia springe pusher was used to control the tap water flow rate which has 3 % variation within a range of 0-2 ml. The continuous phase was Carrefour sunflower oil (with and without 0.1 volume percentage TiO2 nanoparticles) which was stored in a clear tank. Via adjusting pressurized air (1.6-3 bar) regulator and needle value, oil was finally fed into the inlet of the contactor with 5 % variation in 5 minutes. In liquid lines, Compact Pressure Transmitters (Gems 3100 series, 1 Hz sampling, 0-2.5 bar with an accuracy ±0.25 %) are used to measure the inlet pressures of water and oil, and the contactor outlet was atmosphere pressure. The temperature of inlet fluids and outlet emulsion were measured by a temperature sensor. After introduction of water and oil into the contactor, water and oil would contact and produce emulsion in 16 parallel Yjunction micro-channels when they have flowed through the tree-like distributors respectively. The emulsion came out of the contactor after flowing through the multi-scale tree-like collector, which was measured by means of weighing scales Sartorius-MSE 2203 with accuracy of 10 -3 g, (1Hz sampling) connected to a computer. All experiments were performed at atmospheric pressure. The tube between Springer Pump and temperature sensor (T) with integrated microheater were designed for conducting experiments on different temperature. The detailed structure of test contactor and the measuring instruments can be found in our earlier study [17] . 
Results and Discussion

Emulsion Polydispersity
To obtain a homogeneous emulsion is essential in this study of the parallel, multi-scale emulsification process. The main result exposed in this experimental study is the polydispersity Pw of the obtained emulsions, which is their standard deviation ߪߪ ‫ݓݓ‬ divided by their average diameter Dw over more than 100 water droplets, defined as Eq. (1).
The droplet emulsions of water-in-oil were generated in the multi-scale contactor under different temperature to investigate the effect of the TiO2 nanoparticles on emulsion polydispersity. Both flow rates of water and oil were steady flows of 1 ml/min and 2.4 ml/min, respectively. Fig.2 shows the influence of temperature and nanoparticles on the polydispersity of the obtained emulsions. For water-pure oil emulsification, when temperature is lower 40°C, the polydispersity is almost the same, 4.3%. As the temperature is more than 40°C, the emulsion polydispersity increases with the increase of temperature. The reason caused that may be the rise of temperature resulting a faster decrease of interfacial tension [8] which declines too much to cut plugs off sharply so that the water flow remains as a neck before shearing off, which has a bad influence on the homogeneity. The relationship between the temperature and polydispersity of the emulsions with 10 nm TiO2 and 40 nm TiO2 has the same trend, too. It is also found the polydispersity of emulison with 40 nm TiO2 is higher than the emulsion with pure oil and 10 nm TiO2 at higher temperature. Fig. 3 demonstrates the influencing factor governing the number of drops in emulsions. This concentration of water drops is quantified by the number N of drops present in the red area shown in Fig.2 . It can be seen that the number N decreases as the temperature rises at higher temperature. It is because the droplet/plug length increases with the increasing temperature [8] . Under the same flow rates, if the length is bigger, the time scale for the obtained droplet cutoff is longer which leads to the number of obtained droplets per second decreases. And the number of droplets with nanoparticles is more than pure oil. It is further found a few TiO2 nanoparticles aggregation happened in the contactor channels (in the droplet image of 10 nm TiO2) which could adhere to the inner wall of the channel. This may cause the droplet break which made the emulsion polydispersity with 10 nm TiO2 higher than pure oil.
Emulsion Concentration
Summary
Monodisperse emulsions with TiO2 nanoparticles have been produced in the multi-scale contactor. It is found the polydispersity of emulsions with TiO2 nanoparticles increases with the increasing the temperature when temperature exceeds over 40°C. And the emulsion with bigger size TiO2 has the higher polydispersity. In the water-oil with 10 nm TiO2 emulsion, the number of the obtained droplets is more than the water-pure oil emulsions. Meanwhile, the number of the droplets has a little decrease with the rise of temperature.
